Summary
Pastoral and farmer populations, who have coexisted in Central Asia since the fourth millennium B.C. [1] , present not only different lifestyles and means of subsistence but also various types of social organization. Pastoral populations are organized into so-called descent groups (tribes, clans, and lineages) and practice exogamous marriages (a man chooses a bride in a different lineage or clan). In Central Asia, these descent groups are patrilineal: The children are systematically affiliated with the descent groups of the father. By contrast, farmer populations are organized into families (extended or nuclear) and often establish endogamous marriages with cousins [2] [3] [4] . This study aims at better understanding the impact of these differences in lifestyle and social organization on the shaping of genetic diversity. We show that pastoral populations exhibit a substantial loss of Y chromosome diversity in comparison to farmers but that no such a difference is observed at the mitochondrial-DNA level. Our analyses indicate that the dynamics of patrilineal descent groups, which implies different male and female sociodemographic histories, is responsible for these sexually-asymmetric genetic patterns. This molecular signature of the pastoral social organization disappears over a few centuries only after conversion to an agricultural way of life.
Results and Discussion
We compared the genetic diversity of the HVS-1 sequence from the maternally inherited mitochondrial DNA (mtDNA) in 12 pastoral and nine farmer populations from Central Asia, as well as the diversity of six short tandem repeats (STRs) from the nonrecombining region of the paternally inherited Y chromosome (NRY) in 11 pastoral and seven farmer populations. Uzbek populations, who used to be pastoral nomads, were considered in this study as farmers. Indeed, they settled in the different parts of Uzbekistan from the 16 th century, and since then, their social organization underwent a transition characterized by a considerable loss of the social importance of descent groups' organization. In addition, some groups of Uzbeks have adopted endogamous marriages and other aspects of the social organization that characterizes farmers' groups (S. Jacquesson, personal communication).
For both genetic systems, we compared different estimators of genetic diversity and demographic growth between pastoral and farmer populations (Tables 1 and  2 ). In the case of the mtDNA sequence, the heterozygosity H and the mean number of pairwise differences p, which both estimate within-population diversity, were high in pastoral populations (median H = 0.99, median p = 5.29) and in farmer populations (median H = 0.99, median p = 5.32), with no significant difference between these two groups of populations for both H and p (bilateral Wilcoxon test, p > 0.1 for both statistics). We found a low level of genetic differentiation among pastoral populations as well as among farmer populations (f st = 0.01 in both cases, p > 0.1). The relationship between geographic and genetic distances in both groups of populations is shown in Figure S1 in the Supplemental Data available with this article online. Moreover, both groups of populations exhibited significantly negative Tajima's D (21.90 and 21.76, respectively, in pastoral and farmer populations, p > 0.1), which is a signature of demographic growth in the case of neutrally evolving genetic systems. In contrast with mtDNA data, the heterozygosity (H) inferred from Y chromosome STRs in pastoral populations was significantly lower than in farmer populations (0.86 and 0.99, respectively, p < 0.01). Similarly, p was lower in pastoral than in farmer populations (2.86 and 3.59, respectively, p < 0.01). In addition, pastoral populations present a much higher level of population differentiation compared to that observed among farmer populations (R st = 0.19 and 0.06, respectively, p < 0.01). This higher differentiation is not the result of higher geographic distances among pastoral populations, as presented in Figure S2 . The rate of demographic growth, which was estimated with the coalescent-based software Batwing [5, 6] , was found to be lower in pastoral than in farmer populations, the difference being marginally significant (r = 1.004 and 1.008, respectively, p = 0.056).
Altogether, our mtDNA results indicated that both farmer and pastoral populations show high levels of within-population genetic diversity and low levels of among-population differentiation, and both populations are experiencing a rapid demographic growth. By contrast, Y chromosome data revealed substantial differences between the two groups of populations, with pastoral populations exhibiting significantly lower levels of within-population diversity, significantly higher levels of among-population differentiation, and a tendency toward a lower rate of demographic growth compared to farmer populations. To understand the discrepancy observed in the two uniparentally inherited genetic systems and especially the loss of Y chromosome diversity in pastoral populations, we investigated the distribution of genetic diversity within populations by performing multidimensional scaling analyses (MDS) based on matrices of distance between the Y STR haplotypes or between the mitochondrial sequences of a sample, including ethnological information when available. In the case of the Y chromosome, we used as input distance the sum of squared size difference between STR haplotypes. The pastoral populations are in the gray area; the farmer populations are in the white area. n, sample size; long, longitude; lat, latitude; H, heterozygosity; p, mean number of pairwise differences; D, Tajima's D; pD, probability that D is significantly different from zero; Ps, proportion of singletons; C, mean number of individuals carrying the same mtDNA sequence. The pastoral populations are in the gray area; the farmer populations are in the white area. n, sample size; long, longitude; lat, latitude; H, heterozygosity; p, mean number of pairwise differences; r, growth-rate estimate with Batwing; P S , proportion of singletons; C, mean number of individuals carrying the same Y STR haplotype.
The analyses of pastoral populations, as presented here in the case of the Karakalpaks On Tö rt Uruw (Figure 1 ), revealed the existence of clusters of individuals belonging to the same clan and having exactly the same Y STR haplotype. We termed these clusters of genetically identical individuals belonging to the same descent group (lineage or clan) ''identity cores.'' In the present example, one can observe for the Y chromosome, an identity core in the Ö mir clan of the Keneges tribe (grouping 13 individuals) and another identity core in the Qarasyraq clan of the Mangyt tribe (grouping ten individuals). The network illustrating the phylogenetic relationships between the Y STR haplotypes of this sample is provided in Figure S3 . One can observe that a clan is made of an identity core and a few haplotypes at minor frequencies, and these haplotypes arise either by mutation (those located next to the identity core in the MDS) or by migration and adoption (those located far away from the identity core). The observed identity cores were specific to Y chromosome data and mainly restricted to pastoral populations. Indeed, very few of them were observed for the Y haplotypes of farmers or the mtDNA data of either pastoral or farmer populations (see in Figure 2 the MDS from mtDNA data for the Karakalpaks On Tö rt Uruw). Moreover, the average number of individuals carrying the same haplotype (C) was much higher for Y chromosome data in pastoral populations than in farmer populations (2.71 and 1.15, respectively, p < 0.01, see Table 2 for the values per population). It was also higher than the average C values for mtDNA data in both group of populations (1.19 and 1.21, respectively, in both cases, see Table 1 for the values per population). Moreover, when considering Y chromosome data in pastoral populations, we observed a lower proportion of singletons (P S ) in comparison to farmer populations (27% and 77% of singletons, respectively, p < 0.01) as well as in comparison to the proportion of singletons observed from mtDNA data in both groups of populations (74% and 68%, respectively).
The presence of identity cores for Y chromosome data in pastoral populations is unlikely to be the result of sampling bias because special attention was paid to sample only unrelated men in all populations (i.e., all individuals were unrelated for at least two generations back in time). These identity cores could instead be the direct consequence of the internal dynamics of patrilineal descent groups in pastoral populations (the population is divided in tribes, each tribe in clans, and each clan in lineages). Indeed, three aspects of this internal dynamics may explain our observations: First, descent groups are regularly submitted to lineal fissions (also called lineage segmentations): When a descent group (lineage or clan) reaches a given genealogical depth, it splits into two new descent groups. An important point is that these fissions do not occur at random. Indeed, closely related men tend to remain in the same descent group, and each newly created group will thus have a common paternal ancestor that is more recent than the paternal ancestor of its parent descent group. This phenomenon certainly reduces the Y chromosome genetic diversity of the newly created descent groups, whereas if the fission had occurred randomly, it would not be the case (see Smouse [7] for a theoretical study of the impact of lineal fissions in the Yanomama). Secondly, this process is reinforced by the strong genetic drift that is likely to occur in these small descent groups, and the virtual absence of migration of men among descent groups further exacerbates the strength of genetic drift. Thus, although some Y chromosome haplotypes might go to extinction, others might reach rapidly high frequencies within a descent group and thus give rise to the so-called identity cores. Third, the demographic stochasticity inherent to small groups of individuals is likely to lead some descent groups to extinction and thus reduce the Y chromosome genetic diversity of the population when considered as a whole. In this view, these demographic and genetic processes may thus explain not only the existence of the identity cores at the Y chromosome level in pastoral populations but also their overall lower Y chromosome diversity compared to farmer populations. Accordingly, these processes might be the basis of the higher genetic differentiation for the Y chromosome, as observed among pastoral populations. Other phenomena might have also contributed to the observed patterns of diversity in pastoral populations. Indeed, pastoral men could have experienced a higher variance of reproductive success than farmers. Polygyny was traditionally practiced in pastoral populations, with the number of wives often depending on the wealth of the husband. In addition, it could have been practiced among Central Asian Muslim populations of farmers since the 10 th century. However, polygyny was forbidden in former USSR [4] and was not observed when we collected demographic data in four pastoral populations (Qongïrat, On Tö rt Uruw, Kazakhs, and Turkmen) nor in the Uzbeks (farmers). Moreover, we did not observe any substantial differences in the variance of the number of effective children between the Uzbeks and the four pastoral populations (results presented in Table  S3 ). Finally, in pastoral populations, local adaptation processes giving advantage to some men carrying particular Y chromosome haplotype might also have contributed to the observed diversity patterns in these populations. However, this hypothesis was not supported by our demographic data because we did not observe any significant differences in reproductive success between men belonging to identity cores and men exhibiting rare haplotypes (data not shown).
The similarity of the levels of mitochondrial diversity observed in pastoral and farmer populations might be a consequence of the complex rules of exogamy in practice in pastoral populations. Traditionally, a man must choose a bride in such a way that he will not be sharing with her a common ancestor on the paternal lineage for a given number of past generations. This number is usually close to the genealogical depth of a lineage (five to ten generations depending on the population, for example, seven generations for the Kazakhs) so that in practice, the bride usually belongs to a different lineage (the so-called lineage exogamy) [4, 8] . This rule has at times been replaced by a clanic exogamy, such as in the Karakalpaks, with the obligation of choosing a bride in a different clan (but in the same tribe) [2] . These rules of exogamy imply that, at each generation, a significant number of women migrate from one descent group to another. This intense migration process reduces the strength of genetic drift within each descent group for mtDNA, whose polymorphism is thus not affected by population structure.
An analogy can be made between the pastoral social organization and the SLOSS (Single Large or Several Small) model, which compares the evolution of the genetic diversity in a panmictic population (Single Large, thereafter denoted SL) and in a population of same size divided in several isolated demes (Several Small, thereafter denoted SS) [9] . This model predicts that each deme of a SS population will rapidly fix a different allele. Thus, on a short-term basis, this model predicts a higher diversity in a SS population, but on a longterm basis, because of the extinction of local demes, it predicts a reduction of diversity in such populations compared to an SL population. The pastoral population resembles, as far as the men are concerned, to an SS population (each descent group being a deme, with no migration between demes), which in the long-term loses Y chromosome diversity because of the joint action of genetic drift and the lineage-extinction process (heterozygosity H = 0.86, mean number of individuals carrying the same haplotype C = 2.71, percentage of singletons P S = 27%). On the other hand, because of high interdeme female migration rates, the female pastoral population is similar to a SL population and thus preserves in the long term a high mitochondrial diversity (H = 0.99, C = 1.19, P S = 74%).
Finally, a closer investigation of the diversity in Uzbeks yielded insights on the demographic processes resulting from a transition in lifestyle. Indeed, since the 16 th century, the different Uzbeks groups, who used to be pastoral nomads, have progressively adopted a sedentary way of life based on agriculture. They show diversity values (H, p, P S , C) for the Y chromosome similar to that of the other farmer populations (see Table 2 ); this means that after a few centuries of settlement, the Y chromosome diversity of these two populations has not kept the genetic signature of the pastoral social organization. This is especially striking in the case of the Uzbeks from the South of Uzbekistan whose settlements date as far back as the 16 th century compared to the Uzbeks from the North of the country (settlements dating [17] [18] th centuries). This pattern is also consistent with the clear reduction of genetic kinship (measured from Y chromosome STRs) for the Uzbeks within descent groups in comparison to Kazakhs, Turkmens, and Karakalpaks [10] . Two demographic processes may have acted jointly to yield this rapid transition: (1) a social transition in the Uzbeks, that is a progressive dissolution of their descent groups after the early loss of their nomadic way of life from the 16 th century on [2] and, in the South of Uzbekistan, a reorganization in families establishing endogamous marriages, as in traditional farmers (S. Jacquesson, personal communication); (2) an intensification of gene flow from traditional farmer populations into the Uzbek populations. Indeed, the genetic differentiation between Uzbeks and farmer populations appears less than the differentiation between pastoral and farmer populations. For the Y STRs, the R ST between the North Uzbeks and the farmer populations amounted to 0.05 (and that between the South Uzbeks and the farmer populations amounted to 0.03), whereas the R ST between each of the eight pastoral populations and the farmer populations ranged from 0.06 to 0.39 (median equalled 0.11). For mitochondrial DNA, the genetic distances (f st ) between traditional farmers and the four Uzbeks populations tend also to be smaller (0-0.014, median = 0.005) than between traditional farmers and the 12 pastoral populations under study (0.001-0.047, median = 0.012). These observations are consistent with the theory of an actual demic agricultural diffusion [11] , even at such microgeographic scale, involving real migrations of farmers followed by admixture rather than a simple diffusion of technologies, as also observed in Indian populations who recently converted to an agriculture-based way of life [12] .
In conclusion, this study demonstrates how the cultural subdivision in patrilineal descent groups has left its footprints on Y chromosome diversity of pastoral populations without disturbing mitochondrial diversity. Indeed, the male population is experiencing a demographic history of lineal fissions of descent groups without subsequent migrations between descent groups, and this leads to the so-called identity cores and to a reduction of Y chromosome diversity. Conversely, the female population undergoes at each generation massive migration flows between descent groups (lineages or clans) as a result of the social rules of exogamy in practice in these populations and therefore prevents the social structure from imprinting mitochondrial structure. More specifically, the case study of Uzbeks' diversity clearly shows that such a molecular signature in Y chromosome diversity is short-lived and can disappear within a few centuries after the disintegration of descent groups.
Beyond the specific context of pastoral populations and Central Asia, this study more generally completes previous investigations of the impact of traditional social organizations on the shaping of genetic diversity. For example, a high genetic microdifferentiation between tribes, at the protein level, has been observed in Amerindians [13] , and asymmetrical patterns of male and female dispersions have been observed among patrilocal and matrilocal populations from Northern Thailand [14] . Altogether, these studies clearly indicate that social organization and lifestyle are important factors influencing the evolution of genetic diversity in human populations. In this view, genome-wide sequencing and the genotyping of data in larger population panels are needed for further development of the ''ethnogenetics'' which uses genetic data to enhance our knowledge of the social organization of human populations, as a complement to ethnographic studies. Moreover, our study also underscores the necessity of understanding better the potential impact of social processes on the long-term evolution of our species: To which extent could social organization have modified the action of natural selection or the intensity of drift during recent human evolution? Further molecular data as well as new theoretical models are now needed for tackling such questions.
Experimental Procedures

DNA Samples and Genetic Markers
We studied the HVS-1 sequence from the maternally inherited mitochondrial DNA (mtDNA) in 12 pastoral and nine farmer populations from Central Asia, including five new samples from Karakalpakia (Karakalpaks On Tö rt Uruw, Qongirat, Kazakhs, Turkmen, and Uzbeks). Informed consent was obtained from all participants. A detailed description of all samples including geographical coordinates is provided in Table 1 . The poly-C region, also named the ''hyperhypervariable'' region, located between sites 16179 and 16195, was excluded. We also studied six STRs (DYS388, DYS389I, DYS390, DYS391, DYS392, and DYS393) from the nonrecombining region of the paternally inherited Y chromosome (NRY) in 11 pastoral and seven farmer populations (detailed description in Table 2 ). The HVS-1 sequences and Y chromosome haplotypes corresponding to the five new samples from Central Asia (Karakalpaks On Tö rt Uruw, Qongirat, Kazakhs, Turkmen, and Uzbeks) are available in Tables S1 and S2 . For the populations sampled in Karakalpakia, we also collected some ethnological information about each participant in the study including the name of his lineage, clan, and tribe as well as demographic data (number of effective sons and daughters of each participant in the study).
Statistical Analyses
We used Arlequin software version 2001 [15] to estimate the heterozygosity (H) and the mean number of pairwise differences (p) for both genetic systems as well as the genetic distances between populations (f st , based on the number of pairwise differences between mtDNA sequences and R st , based on the sum of squared size differences between haplotypes of Y STRs [16] ). In the case of the mtDNA sequence, we also computed Tajima's D [17] .
The absolute growth rate r was estimated from Y STRs with Batwing [6, 7] . We assumed a model of continuous exponential growth (in this model, N = N 0 r t , where N is the present population size, N 0 is the initial size, and t is the time measured in generations). Mutations were assumed to occur under a stepwise mutation model (SMM). Uniform prior distributions were used for q and U (q = 2N e m and U = 2N e a, where N e is the present effective size of populations, m is the per-generation and per-microsatellite mutation rate and a is the exponential growth rate so that a = ln(r)). We assumed a mutation rate of 0.21% per microsatellite and per generation [18] . The average number of individuals carrying the same haplotype (C) and the proportion of singletons (Ps) were computed with a Perl script. To compare the two groups of populations, we estimated the median of each of these statistics within pastoral populations and within farmer populations. We also performed bilateral Wilcoxon tests [19] to assess whether the observed differences in diversity or differentiation between farmer and pastoral populations were significant. To investigate the distribution of diversity within population, we performed MDS (by using R version 2.3.1) based on matrix of distance (sum of squared size difference between Y STR haplotypes and number of pairwise differences between mtDNA sequences) computed by using a Perl script. We drew the phylogenetical relationships between YSTR haplotypes by using the reduced median method implemented in the software Network [20] .
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